INTRODUCTION
============

Tryptamines are a group of monoamine alkaloids ([Fig. 1](#f1-bt-28-083){ref-type="fig"}) that are synthesized through decarboxylation of the amino acid tryptophan ([@b39-bt-28-083]). They contain an indole ring structure: a bicyclical combination of a benzene ring and a pyrrole ring, with amino group attached to a 2-carbon side chain ([@b25-bt-28-083]). These substances are reported to induce euphoria and hallucinations (visual and auditory) and have been used by people for recreation ([@b33-bt-28-083]). There are also reports of intoxications leading to hospitalization and deaths in the European Union, the US, and Japan ([@b3-bt-28-083]). In animal studies, tryptamines have been found to substitute fully and shared stimulus effects with various abused hallucinogens ([@b20-bt-28-083]), suggesting that tryptamines and hallucinogens share common pharmacological effects. In response to these observations, tryptamines are now included into Schedule I of the Controlled Substances Act (Drug Enforcement Administration (DEA), Department of Justice, 2003). However, in spite of the regulatory measures, novel tryptamines are continuously synthesized by introducing chemical modifications to circumvent drug abuse legislation, leaving a difficult problem for legal authorities.

Previous studies show that tryptamines have an affinity for 5-HT1a, 5-HT2a, and 5-HT2c receptors ([@b30-bt-28-083]; [@b35-bt-28-083]) and can inhibit reuptake and increase the release of serotonin, which have attributed to their hallucinogenic effects ([@b21-bt-28-083]; [@b39-bt-28-083]). An experimental approach widely used to determine the hallucinogenic potential of a drug is the drug-induced head-twitch response (HTR) in rodents ([@b6-bt-28-083]). The HTR is a brief paroxysmal head rotation in rodents that is thought to be mediated via the 5-HT2a receptor ([@b9-bt-28-083]; [@b8-bt-28-083]; [@b6-bt-28-083]). Tryptamine hallucinogens and 5-HTR2a agonists like 5-MeO-DIPT, 5-MeO-AMT, and 5-MeO-DMT have been reported to elicit head twitches in rodents ([@b16-bt-28-083]; [@b23-bt-28-083]; [@b1-bt-28-083]). Pretreatment with 5-HTR2a antagonists, such as ketanserin (KS), block the drug-induced HTR ([@b17-bt-28-083]). Based on this information, the HTR is a useful behavioral model to examine the hallucinogenic properties of a drug, especially a novel compound.

As part of the continuing efforts of the Drug Abuse Research Institute of Korea (DARC) to hasten the regulations of novel synthetic tryptamines and to predict the abuse potential of future synthetic tryptamine compounds with similar modifications, we synthesized four novel synthetic tryptamine analogs, (C) pyrrolidino tryptamine hydrochloride (PYT HCl), (D) piperidino tryptamine hydrochloride (PIT HCl), (E) N,N-dibutyl tryptamine hydrochloride (DBT HCl), and (F) 2-methyl tryptamine hydrochloride (2-MT HCl) ([Fig. 1](#f1-bt-28-083){ref-type="fig"}), and examined their abuse potential. We performed the conditioned place preference (CPP) in mice and self-administration (SA) test in rats to assess their rewarding and reinforcing effects. We also examined the effects of the new tryptamines on locomotor activity and 5-HTR1a mRNA expression in the prefrontal cortex (PFC). In addition, we investigated the effects of the acute and repeated treatment as well as the challenge in the HTR paradigm on the expression of 5-HTR2a in the PFC. We chose the PFC because it has been implicated in motor activity and the HTR ([@b19-bt-28-083]; [@b43-bt-28-083]; [@b15-bt-28-083]). Another cohort of mice was pretreated with KS during the HTR test to determine the involvement of 5-HTR2a receptors in the hallucinogenic effects of the compounds.

MATERIALS AND METHODS
=====================

Animals
-------

All animals were purchased from Hanlim Animal Laboratory Co. (Hwasung, Korea) and were housed in a temperature- and humidity-controlled (22 ± 2°C, 55 ± 5%) room with a 12-h light/dark (07:00--19:00 h light) schedule. Male C57BL/6 mice, aged 6 weeks and weighing 20--25 g, were maintained at 6 per cage, and Sprague Dawley rats, aged 8 weeks weighing 250--300 g, were maintained at 4 per cage. The mice were used for the open field, CPP, and HTR assays. The rats were used for the SA test. Before the experiments, all animals were habituated to the laboratory settings for five days. They had free access to food and water during habituation and experiments; however, this was not the case for rats during the lever training and actual SA sessions. Animal care and maintenance were carried out in compliance with the Principles of Laboratory Animal Care (NIH publication No. 85--23 revised 1985) and the Animal Care and Use Guidelines of Sahmyook University, Korea. All efforts were made to minimize the number of animals used and their suffering.

Drugs
-----

PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl powders were synthesized and generously provided by the Laboratory of Medicinal Chemistry of Kyunghee University (Seoul, Korea), whereas KS and methamphetamine (METH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2-MT HCl was diluted with 5% dimethyl sulfoxide, 5% polysorbate 80, and normal saline (0.9% w/v NaCl). PYT HCl, PIT HCl, DBT HCl, KS, and METH were diluted with normal saline. All drugs were administered either intraperitoneally (open field test \[OFT\], CPP and HTR) or intravenously (SA), and the doses were based on prior experiments that addressed abuse potential and tryptamine induced-HTR ([@b12-bt-28-083]; [@b17-bt-28-083]; [@b20-bt-28-083]; [@b6-bt-28-083]; [@b10-bt-28-083]; [@b5-bt-28-083]; [@b1-bt-28-083]).

***N,N*-dialkyltryptamines, DBT, PYT, and PIT HCl:** *N*,*N*-dialkyltryptamines were synthesized from indole-3-glyoxylyl chloride as described previously ([@b22-bt-28-083]). In briefly, indole-3-glyoxylyl chloride was treated with three different dialkylamines, such as *N*,*N*-dibutylamine, pyrrolidine or piperidine to give indole-3-(*N*,*N*-dimethyl)glyoxylamides. These amides were reduced with LiAlH~4~ to give *N*,*N*-dialkyltryptamines. The resulting amines were treated with HCl to afford them as an HCl salt. Their structures were confirmed by the following spectroscopic analyses.

**DBT HCl:** ^1^H NMR (400 MHz, D~2~O) δ 7.58 (d, *J*=7.7 Hz, 1H), 7.45 (d, *J*=7.9 Hz, 1H), 7.26--7.17 (m, 2H), 7.12 (t, *J*=6.7 Hz, 1H), 3.38 (t, *J*=7.0 Hz, 2H), 3.13 (t, *J*=7.0 Hz, 2H), 3.04--3.16 (m, 4H), 1.48--1.60 (m, 4H), 1.17--1.31 (m, 4H), 0.80 (t, *J*=6.9 Hz, 6H); ^13^C NMR (100 MHz, DMSO-*d~6~*) δ 136.68, 127.17, 123.77, 121.66, 118.94, 118.72, 112.01, 109.75, 52.59, 51.80(2C), 25.29(2C), 19.97(2C), 19.87, 14.03(2C); High-Resolution-MS, calcd for C~18~H~29~N~2~\[M+H\]^+^ 273.2325, found 273.2326.

**3-(2-Pyrrolidin-1-ylethyl)-1*H*-indole hydrochloride (PYT HCl):** ^1^H NMR (400 MHz, D~2~O) δ 7.57 (d, *J*=8.1 Hz, 1H), 7.43 (d, *J*=8.1 Hz, 1H), 7.19 (s, 1H), 7.18 (t, *J*=7.8 Hz, 1H), 7.09 (t, *J*=7.8 Hz, 1H), 3.49 (m, 2H), 3.37 (t, *J*=7.3 Hz, 2H), 3.08 (t, *J*=7.3 Hz, 2H), 2.95 (m, 2H), 1.99 (m, 2H), 1.83 (m, 2H); ^13^C NMR (100 MHz, DMSO-*d~6~*) δ 136.69, 127.15, 123.65, 121.67, 118.91, 118.78, 112.01, 109.79, 54.55, 53.11(2C), 23.21(2C), 21.84; High-Resolution-MS, calcd for C~14~H~19~N~2~\[M+H\]^+^ 215.1543, found 215.1542.

**3-(2-Piperidin-1-ylethyl)-1*H*-indole hydrochloride (PIT HCl):** ^1^H NMR (400 MHz, D~2~O) δ 7.58 (d, *J*=7.9 Hz, 1H), 7.44 (d, *J*=8.2 Hz, 1H), 7.22-7.16 (m, 2H), 7.10 (t, *J*=7.4 Hz, 1H), 3.47 (d, *J*=12.0 Hz, 2H), 3.28 (t, *J*=7.8 Hz, 2H), 3.12 (t, *J*=7.8 Hz, 2H), 2.85 (t, *J*=12.0 Hz, 2H), 1.83 (m, 2H), 1.70 (m, 1H), 1.60 (m, 2H), 1.38 (m, 1H); ^13^C NMR (100 MHz, DMSO-*d~6~*) δ 136.70, 127.18, 123.54, 121.67, 118.90, 118.83, 111.99, 109.82, 56.44, 52.23(2C), 22.82(2C), 22.01, 19.97; High-Resolution-MS, calcd for C~15~H~21~N~2~\[M+H\]^+^ 229.1699, found 229.1705.

**2-MT HCl:** 2-methyltryptamine was synthesized from 2-methylindole as described previously ([@b40-bt-28-083]). In briefly, 2-methylindole was condensed with nitromethane and then reduced with LiAlH~4~ to give 2-methyltryptamine. The resulting amine was treated with HCl to afford 2-MT as an HCl salt. Its structure was confirmed by the following spectroscopic analyses. ^1^H NMR (400 MHz, CDCl~3~) δ 8.10 (bs, 1H), 7.50 (d, *J*=7.1 Hz, 1H), 7.23 (d, *J*=7.2 Hz, 1H), 7.12--7.03 (m, 2H), 2.96 (t, *J*=6.3 Hz, 2H), 2.84 (t, *J*=6.3 Hz, 2H), 2.35 (s, 3H), 1.41 (s, 2H); ^13^C NMR (100 MHz, DMSO-*d~6~*) δ 135.34, 131.90, 128.78, 120.95, 119.13, 118.00, 110.28, 109.02, 42.63, 28.26, 11.76; High-Resolution-MS, calcd for C~11~H~15~N~2~\[M+H\]^+^ 175.1230, found 175.1239.

Conditioned place preference test
---------------------------------

The place preference apparatus that was used consisted of two Plexiglas compartments (17.4×12.7×12.7 cm^3^) made of polyvinylchloride and separated by a guillotine door. To provide a visual and tactile difference between the compartments, one compartment was white with a 6.352-mm stainless steel mesh floor, while the other was black with a stainless-steel grid floor (3.2-mm diameter rods placed 7.9 mm apart); the compartments were covered and illuminated. Behavior was recorded and analyzed using a computer-based video tracking system (Ethovision, Noldus, Netherlands).

The CPP test consisted of three phases: habituation and pre-conditioning, conditioning, and post-conditioning. During habituation, the mice were allowed to explore both compartments for 20 min once a day for two days. On the day after habituation, the time spent on each side was recorded (pre-conditioning). To eliminate side-preference bias, the data from the pre-conditioning phase were used to group the animals that spent similar amounts of time in each compartment. Mice that spent over 840 s in one compartment were excluded from the test (n=5). In the conditioning phase, mice (n=10 per group) received PYT HCl, PIT HCl, DBT HCl, 2-MT HCl (0.3, 1, or 3 mg/kg), METH (1 mg/kg), or vehicle (veh) and were confined to a randomly designated compartment for 45 min. Parallel experiments were also performed with METH because this drug has been demonstrated to induce conditioned place preference ([@b4-bt-28-083]). On alternate days, the mice received the veh and were put in the non-drug-paired compartment. The conditioning lasted for 8 sessions (4 drug and 4 veh conditioning sessions). The post-conditioning phase started 24 h after the final conditioning session. In this phase, the drug-free mice were allowed to freely access both compartments for 20 min. The CPP score was calculated as the difference in the time spent in the drug-paired compartment between the post- and pre-conditioning phases.

Self-administration test
------------------------

For the drug SA test, rats were placed in standard operant conditioning chambers (Coulbourn Instruments, Allen-town, PA, USA) with ventilation fans to mask the external noise. Each operant chamber had a food pellet dispenser, two 4.5-cm-wide response levers (left and right), a stimulus light located 6 cm above the left lever, and a centrally positioned house light (2.5 W, 24 V) at the top of the chamber. Downward pressure (approximately equivalent to 25 g) on the levers resulted in a programmed response (described below). Located beside the operant chamber was a motor-driven syringe pump that delivered solutions at 0.01 mL/s. Solutions flowed through polytetrafluoroethylene tubing connected to a swivel, which was mounted on a counterbalanced arm at the top of the chamber, allowing free movement of the animals within the chamber. The tubing was connected to an intravenous catheter implanted in the animal. Graphic State Notation software (Coulbourn Instruments) was used to control experimental parameters and collect data.

Initially, rats were trained to press the active (drug-paired) lever (30 min/day for 3 days) for a contingent food pellet reward on a continuous schedule of reinforcement. During training, rats were food-restricted such that no rat dropped below 90% of its starting body weight. Only those rats that acquired at least 80 pellets during the last session of training were selected and prepared for surgery. Intrajugular surgeries were performed according to a previously described procedure ([@b13-bt-28-083]). After surgery, each rat was individually housed in a transparent plastic cage. Rats were allowed to recover for 5 days after surgery. During the first 4 days following surgery, rats received an antibiotic treatment (gentamicin, 1 mg/kg i.p.). After a recovery period of 5 days, SA testing commenced and was performed for 2 h/day. Rats (n=6--8 per group) were placed under a fixed-ratio (FR)1 schedule for 7 days. During the experiment, a press of the left lever (active lever) resulted in an injection of 0.1 mL of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl (0.03, 0.1, or 0.3 mg/kg/infusion), METH (0.1 mg/kg/infusion), or veh. METH was used as a reference drug because this drug has been evaluated in rats self-administrating METH ([@b29-bt-28-083]). Simultaneously, the house light was switched off and the stimulus light was illuminated and remained lit for 20 s after the end of the infusion (time-out period). Lever presses during the time-out period were recorded but did not have any corresponding effects. Similarly, presses of the right lever (inactive lever) were not reinforced. Catheter patency was assessed by injecting 0.1 ml of thiopental sodium (10 mg/kg) one day before and on the last day of the SA testing period. Rats (n=6) that did not lose muscle tone within 3--5 s were excluded from the experiments.

Open field test
---------------

The OFT was performed according to a previous study ([@b5-bt-28-083]). Mouse locomotor activity was assessed in a square black Plexiglas container with white surface in an open field arena (42×42×42 cm^3^). The apparatus was illuminated by a 100 W lamp placed 2 m above the center of the floor of the whole apparatus. For the first day, mice (n=10 mice per group) were allowed to habituate to the apparatus for 30 min. On the second day, their locomotor activity was recorded and used as a baseline. Thereafter, mice were treated with PYT HCl, PIT HCl, DBT HCl, 2-MT HCl (1, 3, 10 mg/kg), METH (1 mg/kg), or vehicle. We used METH as positive control because this drug has been shown to increase locomotor activity ([@b26-bt-28-083]). Locomotor activity \[distance moved (cm)\] was immediately measured by a computer-based video-tracking system (Ethovision) for 30 min.

Head-twitch response
--------------------

The HTR is a distinct twitching behavior of the head of rodents. The HTR procedure followed that described by our previous study ([@b1-bt-28-083]). It is easily monitored and usually cannot be mistaken for other head movements such as head-shakes or head-jerks. A camera mounted above the observation cage began recording the behavior and continued to do so for 30 min; the amount of HTRs were later scored after 2 min of habituation by two trained observers (blinded to the grouping).

To assess the acute and repeated effects, mice (n=6 per group) were treated i.p. with vehicle, PYT HCl, PIT HCl, DBT HCl and 2-MT HCl (3 mg/kg) once a day for 7 days and challenged with the same drug and dose following 7 days of drug abstinence. A dose of 3mg/kg was selected for the present study because in a previous study it had submaximal effects and reliably increased the number of head twitches ([@b1-bt-28-083]). To determine the involvement of 5-HTR2a, another cohorts of mice (n=6 per group) were injected with KS (0.1 mg/kg) 10 min before PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl (3 mg/kg) or veh administration and were observed for the HTR.

Tissue collection, RNA preparation, and quantitative real-time PCR
------------------------------------------------------------------

Mice (n=6 per group) treated with PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl (3 mg/kg) or veh for 1-day, 7-day and challenge day were sacrificed by cervical dislocation and decapitation 30 min after the last drug dose. Brains were rapidly and carefully removed as described previously ([@b38-bt-28-083]) and placed in ice-cold saline to prevent damage to the brain. The PFC was dissected out and immediately frozen at −70°C until further use. The PFC was used because this brain region has been implicated in motor activity and in the induction of the HTR ([@b19-bt-28-083]; [@b43-bt-28-083]; [@b15-bt-28-083]). Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The RNA was further purified using the Hybrid-R^TM^ kit (Geneall Biotechnology, Seoul, Korea). The concentration of total RNA was determined using a Colibri Microvolume Spectrometer (Titertek-Berthold, Pforzheim, Germany).

A quantitative real-time polymerase chain reaction (qRT-PCR) was performed to determine the levels of 5-HTR1a and 5-HTR2a mRNA in the PFC. The method was similar to that used in our previous study ([@b5-bt-28-083]). In brief, 1 μg of total RNA was reverse transcribed into cDNA using AccuPower^®^ CycleScript RT PreMix (Bioneer, Seoul, Korea) according to the manufacturer's instructions. The cDNA was amplified using a set of custom sequence-specific primers (Cosmogenetech, Seoul, Korea) and detected using SYBR Green (SolGent, Inc., Daejon, Korea). The following primer sequences were used: 5-HTR1a, forward 5′-GACAGGCGGCAACGATACT-3′, reverse 5′-CCAAGGAGCCGATGAGATAGTT-3′; 5-HTR2a, forward 5′-TAATGCAATTAGGTGACGACTCG-3′, reverse 5′-GCAGGAGAGGTTGGTTCTGTTT-3′; Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), forward 5′-AGGTCGGTGTGAACGGATTTG-3′, reverse 5′-TGTAGACCATGTAGTTGAGGTCA-3′. The qRT-PCR reactions were performed in triplicates. Values were normalized to the relative amounts of GAPDH mRNA. Results are shown as a relative expression level calculated using the 2^−ΔΔCT^ method ([@b42-bt-28-083]).

Data analysis
-------------

The results from CPP ([Fig. 2](#f2-bt-28-083){ref-type="fig"}), open field tests ([Fig. 4A--4D](#f4-bt-28-083){ref-type="fig"}) and qRT-PCR for 5-HTR1a ([Fig. 4E](#f4-bt-28-083){ref-type="fig"}) experiments were analyzed by one-way analysis of variance (ANOVA), followed by Dunnett's test to compare the effects of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and METH to the veh. Data from the active lever responses and the number of infusions ([Fig. 3](#f3-bt-28-083){ref-type="fig"}) during the 2-h/d, 7-day SA test, the HTR ([Fig. 5A](#f5-bt-28-083){ref-type="fig"}) and qRT-PCR for 5-HTR2a ([Fig. 5C](#f5-bt-28-083){ref-type="fig"}) experiments were analyzed using a two-way repeated measures analysis of variance (ANOVA) with treatment as the between-subject factor and SA days/treatment days as the within-subject factor. Bonferroni's test was utilized to further compare the effects of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and METH to the veh and each SA day/treatment day. The mean infusion during stable days (days 4--7) was also presented and analyzed with one-way ANOVA for PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and the unpaired, two tailed *t*-test for METH. A one-way ANOVA was used to analyze the effects of KS pretreatment on the HTR ([Fig. 5B](#f5-bt-28-083){ref-type="fig"}), followed by Bonferroni's test to determine the differences between the group. The criterion for statistical significance was considered to be *p*\<0.05. Values are expressed as the as mean ± standard error of the mean (SEM). All analyses were performed with GraphPad Prism software (GraphPad Software, San Diego, CA, USA).

RESULTS
=======

Conditioned place preference
----------------------------

[Fig. 2](#f2-bt-28-083){ref-type="fig"} displays the CPP scores of mice treated with the test drugs (i.e., PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl), METH, and veh. A one-way ANOVA revealed that METH significantly increased the CPP score \[F (13,105)=16.12, *p*\<0.001\], but none of the four test drugs had an effect.

Self-administration test
------------------------

[Fig. 3](#f3-bt-28-083){ref-type="fig"} shows the number of active lever responses and infusion of veh, PYT HCl, PIT HCl, DBT HCl-and 2-MT HCl-treated rats during the 2-h/day, 7-day SA sessions under the FR1 schedule. Rats self-administering PYT HCl displayed a significant difference between treatments \[F (3,168)=3.829, *p*\<0.05\], SA days \[F (6,168)=30.10, *p*\<0.001\], and interaction between them \[F (18,168)=3.918, *p*\<0.001\]. A significant difference in the number of infusions in SA days \[F (6,168)=19.78, *p*\<0.001\] was also observed. However, post-hoc analyses showed that there was an increase in lever pressing only during the first (*p*\<0.001) and second day (*p*\<0.05) of SA with exposure to 0.03 mg/kg/infusion. Bonferroni post-tests revealed an increase in the number of infusions during the first day of SA with exposure to 0.1 mg/kg/infusion (*p*\<0.05) and 0.03 mg/kg/infusion (*p*\<0.001). In a similar manner, a significant variation in SA days \[F (6,138)=7.910, *p*\<0.001\] but no effect on treatments \[F (3,138)=0.3904, *p*\>0.05\] and interaction between them \[F (18,138)=1.635, *p*\>0.05\] was observed in rats self-administering PIT HCl. A significant difference in the number of infusions in SA days \[F (6,138)=6.021, *p*\<0.001\] and interaction between them \[F (18,138)=1.687, *p*\<0.05\] but not with treatments \[F (3,138)=1.332, *p*\>0.05\] was also observed. Bonferroni post-tests revealed that there was an increase in lever pressing (*p*\<0.01) and the number of infusions (*p*\<0.05) only on the first day of SA with exposure to 0.03 mg/kg/infusion. SA of DBT HCl led to a significant difference in SA days \[F (6,144)=11.45, *p*\<0.001\] but not with the treatments \[F (3,144)=1.118, *p*\>0.05\] and interaction between them \[F (18,144)=1.465, *p*\>0.05\]. There was also a significant variation in the number of infusion in SA days \[F (6,144)=9.281, *p*\<0.001\] and interaction between them \[F (18,144)=2.008, *p*\<0.05\]. Post-hoc tests revealed that DBT HCl increased the number of lever presses only during the first day of SA when administered at dosages of 0.3 mg/kg/infusion (*p*\<0.01) and 0.1 mg/kg/infusion (*p*\<0.05) and increased the number of infusions when administered at dosages of 0.3 mg/kg/infusion (*p*\<0.001) and 0.03 mg/kg/infusion (*p*\<0.05). A repeated measures two-way ANOVA revealed a significant difference in treatment \[F (3,162)=3.141, *p*\<0.05\] and SA days \[F (6,162)=14.06, *p*\<0.001\] but no effect on interaction between them \[F (18,162)=1.111, *p*\>0.05\] when 2-MT HCl was compared to vehicle. Similarly, a significant effect of SA days \[F (6,162)=12.28, *p*\<0.001\] was also observed on the number of infusions. Bonferroni post-tests revealed an increase in lever pressing during the first day of SA with exposure to 0.1 mg/kg/infusion (*p*\<0.01). There was also an increase in the number of infusions during the first (*p*\<0.05) and seventh day (*p*\<0.05) of the SA test of exposure to 0.1 mg/kg/infusion. One-way ANOVA of mean infusions from days 4--7 also revealed no differences (*p*\>0.05) in rats self-administering PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl when compared to the vehicle group. In contrast, METH-treated rats exhibited a significant increase in active lever responses \[F (1,78)=40.33, *p*\<0.001\] and number of infusions \[F (1,78)=146.3, *p*\<0.001\] in treatments, and post-hoc tests revealed that there was an increase in the lever pressing and number of infusions across all days (*p*\<0.001) of the 7-day test. Moreover, unpaired *t*-test revealed that during the stable SA days (days 4--7), there was a significant increase in infusions (*p*\<0.001).

Open field test
---------------

[Fig. 4A--4D](#f4-bt-28-083){ref-type="fig"} illustrate the locomotor activity of the mice treated with PYT HCl, PIT HCl, DBT HCl, 2-MT HCl (1, 3, 10 mg/kg), METH (1 mg/kg), or veh. It was revealed that PYT and PIT dose-dependently decreased the locomotor activity of the mice. One-way ANOVA showed a significant locomotor alteration \[PYT HCl \[F (4,48)=25.90, *p*\<0.001\]\] and \[PIT HCl \[F (4,49)=57.93, *p*\<0.001\]\]. Post-hoc analyses further revealed that mice treated with 1 (*p*\<0.05), 3 (*p*\<0.05), and 10 (*p*\<0.001) mg/kg PYT HCl and PIT HCl (*p*\<0.001) displayed a significant decreased locomotor activity of the mice compared with the vehicle group. In contrast, METH-treated mice displayed increased locomotor activity (*p*\<0.001). [Fig. 4E](#f4-bt-28-083){ref-type="fig"} demonstrates the effects of acute PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, or veh treatment on the levels of 5-HT1a mRNA in the PFC of the mice. A one-way ANOVA showed a significant effect of the treatments on the expression levels of 5-HT1a \[F (4,29)=4.469, *p*\<0.01\]. It was further revealed that PYT HCl (*p*\<0.01) and PIT HCl (*p*\<0.05) significantly increased 5-HT1a mRNA levels.

Tryptamine-derived hallucinogens induce head-twitch response and are blocked by pretreatment with ketanserin that is modulated by the 5-HT2a receptor
-----------------------------------------------------------------------------------------------------------------------------------------------------

[Fig. 5A](#f5-bt-28-083){ref-type="fig"} demonstrates the acute and repeated effects of mice treated with PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, or veh in the HTR assay. A two-way repeated measures ANOVA revealed a significant difference between treatments \[F (4,25)=83.90, *p*\<0.001\], treatment days \[F (2,25)=126.5, *p*\<0.001\], and interaction between the two factors \[F (8,25)=14.90, *p*\<0.001\]. Post hoc analysis showed that mice treated with PIT HCl (*p*\<0.001), DBT HCl (*p*\<0.001) and 2-MT HCl (*p*\<0.001) displayed a significant increase in the number of the HTR on the first, seventh, and challenge days of treatment and PYT HCl (*p*\<0.001) on the challenge day. Consequently, a drug challenge treatment with PYT HCl (*p*\<0.01), PIT HCl (*p*\<0.05), DBT HCl (*p*\<0.01) and 2-MT HCl (*p*\<0.001) led to increased head-twitch behavior (*p*\<0.001) when compared to acute treatment. [Fig. 5B](#f5-bt-28-083){ref-type="fig"} shows the effects of KS pretreatment on the PYT HCl, PIT HCl, DBT HCl-and 2-MT HCl-induced HTR in mice. A one-way ANOVA revealed a significant difference between treatments \[F (9,59)=57.72, *p*\<0.001\]. Similar to the results above, PIT HCl (*p*\<0.001), DBT HCl (*p*\<0.001), and 2-MT HCl (*p*\<0.001) without KS pretreatment led to an increased number of HTRs in mice. Pretreatment with KS significantly decreased the number of HTRs in mice treated with tryptamine-derived hallucinogens (*p*\<0.05, *p*\<0.001). [Fig. 5C](#f5-bt-28-083){ref-type="fig"} reveals the effects of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, or veh treatment on the levels of 5-HTR2a mRNA in the PFC. Significant differences were seen between treatments \[F (4,22)=14.17, *p*\<0.001\] and treatment days \[F (2,22)=15.53, *p*\<0.001\] but there was no significant interaction between treatment and treatment days \[F (8,22)=1.219, *p*\>0.05\] in 5-HTR2a mRNA levels. Further comparisons revealed that acute with PIT HCl (*p*\<0.05), DBT HCl (*p*\<0.05), and 2-MT (*p*\<0.01) increased levels of 5-HTR2a mRNA compared to veh and challenge treatment with PYT HCl (*p*\<0.01), PIT HCl (*p*\<0.001), DBT HCl (*p*\<0.001), and 2-MT HCl (*p*\<0.001) on the challenge day. Repeated PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl treatment led to reduced 5-HTR2a mRNA levels when compared to acute treatment.

DISCUSSION
==========

In the present study, we found that the novel synthetic tryptamine analogs PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl did not induce CPP in mice and were not reliably self-administered by rats, suggesting that these drugs have no or minimal rewarding and reinforcing effects. This result is similar to other tryptamines that fail to produce CPP and SA in animals ([@b18-bt-28-083]; [@b1-bt-28-083]). Previous studies have shown that several tryptamines and hallucinogens lack the affinity for dopamine receptors or dopamine transporters, which may render them unable to affect brain dopaminergic neurotransmission that is associated with drug addiction and reinforcing properties ([@b31-bt-28-083]). These tryptamines also affect the serotonin system by increasing the release and inhibiting the reuptake of serotonin in the brain: an effect attributed to their decreased reinforcing efficacy, resulting in the difficulty to initiate reliable SA ([@b36-bt-28-083]). Considering that PYT HCl, PIT HCl, DBT HCl, and 2-MT HCL are synthetic tryptamines, the aforementioned effects of the tryptamines might have been the same effects of the four novel tryptamines in the present study. Additional experiments are needed to examine the effects of PYT HCl, PIT HCl, DBT HCl, and 2-MT HCL in the dopamine and serotonin system. Furthermore, tryptamines have been reported to be difficult to elicit CPP and SA response in animals, despite the fact that they are being abused by humans ([@b31-bt-28-083]; [@b18-bt-28-083]). However, the two-lever drug discrimination studies show that tryptamines can be a substitute for abused hallucinogens ([@b44-bt-28-083]; [@b20-bt-28-083]), suggesting that this paradigm is sensitive to the rewarding stimuli of tryptamines. Thus, it would also be worthwhile to assess the abuse potential of PYT HCl, PIT HCl, DBT HCl, and 2-MT HCL in other behavioral paradigms, such as drug discrimination test, in the future. Nevertheless, our results suggest that these novel synthetic tryptamine analogs have a low abuse potential.

Consistent with the results of other tryptamines, PYT HCl and PIT HCl dose-dependently decreased the locomotor activity of the mice ([@b27-bt-28-083]). It has been suggested that tryptamines decrease the locomotor activity by stimulating the 5-HTR1a in the brain ([@b28-bt-28-083]). For instance, pretreatment with 5-HTR1a antagonist WAY-100635 blocked the reduction of locomotor activity in mice with 5-MeO-DMT, psilocin, LSD, and DMT ([@b27-bt-28-083], [@b28-bt-28-083]; [@b23-bt-28-083]). Furthermore, 5-HTR1a −/− knockout mice did not exhibit decreased locomotor activity following 5-MeO-DMT ([@b41-bt-28-083]). Here, we have shown that PYT HCl and PIT HCl increased the mRNA levels of 5-HTR1a in the PFC. This result suggests that 5-HTR1a is involved in the PYT HCl-and PIT HCl-induced reduction of locomotor activity in mice. However, further studies are needed to determine why DBT HCl and 2-MT HCl did not alter the locomotor activity given their structural similarities with PYT HCl and PIT HCl.

Similar to other tryptamines, acute treatment with PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl induced the HTR in mice ([Fig. 5A](#f5-bt-28-083){ref-type="fig"}) ([@b16-bt-28-083], [@b17-bt-28-083]; [@b6-bt-28-083]; [@b1-bt-28-083]). This result indicates that novel tryptamines can induce hallucinogenic effects. As mentioned above, the HTR is mediated by 5-HTR2a activation in the PFC ([@b32-bt-28-083]). In line with this, our results show that KS pretreatment blocked the HTR induced by PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl. Furthermore, these compounds increased the 5-HTR2a mRNA levels in the PFC following acute treatment. These findings suggest that the induced HTR by the novel tryptamines was mediated through 5-HTR2a activation. Although repeated treatment with the novel tryptamines induced the HTR, this is inconsistent with findings that other tryptamines lead to decreased HTR after repeated administration ([@b34-bt-28-083]; [@b37-bt-28-083]). Nevertheless, our result is in agreement with previous studies showing that repeated treatment of DMT did not lead to a reduced number of HTRs ([@b7-bt-28-083]). On the contrary, qRT-PCR results show that repeated treatment decreased 5-HTR2a mRNA levels. Repeated administration of 1-(2, 5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI), a selective 5-HT 2A/2C agonist, inducing HTR did not result in changes in the affinity for 5-HTR2a ([@b2-bt-28-083]). Therefore, it is possible that the induced HTR after repeated treatment with the novel tryptamines is most likely due to the unaffected affinity for the 5-HT2a receptors. Interestingly, during challenge day, the novel tryptamines elicited higher number of HTRs and an increasing trend in 5-HTR2a mRNA levels as compared to acute treatment. A theory on classical monoamine receptor adaptation suggests that chronic deprivation of receptor stimulation normally results in receptor up-regulation, which may result in an enhanced behavioral response ([@b11-bt-28-083]). Thus, it is likely that the increased HTR during the drug challenge corresponds with the increasing trend in 5-HTR2a mRNA levels. Taken together, this study suggests that PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl have hallucinogenic properties, and highlights the parallel dynamics of the HTR induced by the novel tryptamines and 5-HTR2a mRNA levels in the PFC.

In conclusion, PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl do not induce rewarding and reinforcing effects; therefore these drugs are likely to have a low potential for abuse. Furthermore, these novel tryptamines induce hallucinogenic effects, as evidenced in the HTR assay, which is probably mediated by the activation of 5-HTR2a in the PFC. However, additional studies (e.g. structure-activity relationship) are necessary to clarify the differential effects of each analog in locomotor activity and HTR assays. Nonetheless, the present study provides valuable information that may be useful in predicting the abuse potential and psychopharmacological effects of potential synthetic tryptamines.
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![The general chemical structure of (A) tryptamine with marked substitution sites, (B) serotonin, and the novel synthetic tryptamine analogs, (C) pyrrolidino tryptamine hydrochloride (PYT HCl), (D) piperidino tryptamine hydrochloride (PIT HCl), (E) N,N-dibutyl tryptamine hydrochloride (DBT HCl) which are produced by the addition of a cyclopentane, cyclohexane, and two butyl groups to the terminal nitrogen atom attached to R1/R2 instead of the hydrogen, and (F) 2-methyl tryptamine hydrochloride (2-MT HCl) which has a 2-methyl in the indole ring.](bt-28-083f1){#f1-bt-28-083}

![The effects of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and METH on the CPP test in mice. Each bar represents the mean ± SEM of the CPP score, calculated as the difference in the time spent in the drug-paired or saline-paired side during the postminus the pre-conditioning phases. n=7--8 animals per group. ^\*\*\*^*p*\<0.001 significantly different from the veh group (Dunnett's posttest).](bt-28-083f2){#f2-bt-28-083}

![The effects of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and METH on the self-administration in rats. Active lever responses made and number of infusions obtained during the 2-h/d, 7-day SA test, under a FR1 schedule; values are mean ± SEM. n=6-8 animals per group. ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, ^\*\*\*^*p*\<0.001 relative to veh group (Bonferroni's posttest).](bt-28-083f3){#f3-bt-28-083}

![(A--D) The effects of PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and METH on the locomotor activity (n=10 animals per group). (E) mRNA expression levels of 5-HTR1a in the mouse prefrontal cortex (n=6 animals per group). Mice were treated with vehicle, PYT HCl, PIT HCl, DBT HCl, 2-MT HCl, and METH. Values are (mean ± SEM). ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, ^\*\*\*^*p*\<0.001 significantly different from the veh group (Dunnett's posttest).](bt-28-083f4){#f4-bt-28-083}

![(A, C) Effects of PYT HCl, PIT HCl, DBT HCl, and 2-MT HCl treatment in the head-twitch response (HTR) and the mRNA expression levels of 5-HTR2a in the mouse prefrontal cortex during 7 days of treatment and on the day of challenge. (B) Another cohort of mice were used to examine the effect of ketanserin pretreatment (0.1 mg/kg) 10 min prior to treatment with PYT HCl, PIT HCl, DBT HCl, or 2-MT HCl during the HTR assay. Mice were treated with vehicle, PYT HCl (3 mg/kg), PIT HCl (3 mg/kg), DBT HCl (3 mg/kg), and 2-MT HCl (3 mg/kg) repeatedly for 7 days, and then challenged with the same drug and dose following a 7-day withdrawal period. HTRs and 5-HTR2a mRNA expression levels were assessed on the 1st and 7th day of treatment and on the challenge day. Values are mean ± S.E.M. n=5--6 animals per group. ^\*^*p*\<0.05, ^\*\*^*p*\<0.01, ^\*\*\*^*p*\<0.001 significantly different from the veh, ^†^*p*\<0.05, ^††^*p*\<0.01, ^†††^*p*\<0.001 compared to acute treatment; ^\#^*p*\<0.05, ^\#\#\#^*p*\<0.001 compared to PYT HCl, PIT HCl, DBT HCl, or 2-MT HCl pretreated with veh (Bonferroni's posttest).](bt-28-083f5){#f5-bt-28-083}
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